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FOREWORD

This report describes work accomplished in the Rocket Engine Combustion
Devices Design and Demonstration (RECDD&D) Program. It was part of the
overall Advanced Launch System (ALS) Program, later redesignated the
National Launch System (NLS). The contract was initially issued by the Air
Force Astronautics Lab (AFAL) to Rocketdyne, a division of Rockwell
International Inc., under the Advanced Development Program (ADP) contract
F04611-89-C-022. Program direction was provided for the AFAL by Mr. Don
Penn who was later followed by Mr. Bruce Farner. In June of 1991, the contract
was transferred to NASA-MSFC control, and was designated contract number
NAS839567. The NASA MSFC Contracting Officer's Technical Representative
was Mr. Alberto Duarte. The Rocketdyne team was headed by Jim Lobitz as
Program Manager. Mr. James McKinnon prepared the final repon. The period
of performance was from May, 1989 to

October 1992.
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1.0 INTRODUCTION AND SUMMARY
INTRODUCTION

The objectives of the ALS Combustion Devices ADP were to demonstrate
design and manufacturing technologies which would maximize component
reliability while minimizing the cost of fabricating those components.

in response, the ALS (subsequently identified as the National Launch System,
NLS) program was initiated with the goal of developing a new, low cost 580 klb
thrust class Space Transportation Main Engine (STME), and a 640 klb thrust
class Space Transportation Booster Engine (STBE). The STME would use
liquid hydrogen as the fuel while the STBE would use liquid methane. Both
engines would use liquid oxygen as the oxidizer.

In May of 1989 Rocketdyne started work on the contract to design, fabricate and
test two liquid hydrogen thrust chamber and gas generator assemblies, and
three workhorse gas generator assemblies. The thrust chamber included an
injector, combustion chamber, nozzle and ignition system. These components
were to demonstrate the basic reliability, operability and cost objectives of the
NLS program. This report documents the results achieved on that contract.



SUMMARY

The Phase | portion of the Combustion Devices ADP progressed through
concept selection and preliminary design of a liquid oxygen / liquid hydrogen
thrust chamber, two gas generators, and a common ignition system. Detail
designs were completed for various components. These include the injector
body and combustion chamber castings as well as both the workhorse and
prototype gas generators. Design activity for these components was conducted
using the DoD Total Quality Management Guide. A Concurrent Engineering
Team was utilized for each component. To aid in their design efforts, several
TQM tools were used including Quality Function Deployment (QFD) studies of
interconnect devices and combustion chamber jacket features; Pugh Concept
Selection studies of combustion chamber design features; Taguchi studies of
nozzle flow field interactions and Vacuum Plasma Spray (VPS) parameters;
and a CPI study to improve the design process itself.

Low cost fabrication studies were performed in the areas of vacuum plasma
sprayed (VPS) NARIoy-Z for the combustion chamber and hypervelocity
sprayed (HVS) Inconel 625 for the nozzle. Both fabrication technologies
showed promise but still had technical problems to overcome at the end of their
investigation. The injector low cost investigation was to test four subscale
injectors with different element densities to determine the lowest number of
elements that would produce acceptable performance. The four injectors were
fabricated but not tested due to program restructuring.

To aid in developing the lowest cost yet highly reliable component designs, two
methodologies were developed. The first was a component cost mode! , which
was cost estimation software created in a spreadsheet program and used
throughout component design. The program is a very versatile, thorough cost
predicting model and features a user friendly interface. A generic "cost model
architecture" user manual was delivered which aliowed other companies to
estimate costs of other components. For designing high reliability into the
hardware, a "design for reliability" methodology was also developed, in
conjunction with government experts, and employed during the program.

The program was subsequently replanned with work on this contract focusing
only on the combustion chamber due to a teaming arrangement between
various engine contractors. During this period technology summary briefings
were held for the injector (of which Gencorp Aerojet now had responsibility) and
for the nozzle (for United Technologies Pratt & Whitney), both of which were
held in January, 1991. The combustion chamber development team completed
a new concept review which was held on July 12, 1991 to ensure that the
design was the best that the new contractor team could produce. On the
hardware side, the aft manifold and full combustion chamber jacket mockup
castings were successfully produced out of JBK-75. The combustion chamber
jacket was the largest aerospace quality vacuum investment casting ever
produced at that time. At program end only minor casting development



problems still remained. As for VPS NARloy-Z, development continued with
some success but significant development issues still remained.

Immediately following are charts that summarize the design features and results
of each of the components worked on this program. Since cost was a major
goal to this program, final cost estimates are also included for each of the major
thrust chamber components versus their target costs.
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1.1 PROGRAM APPROACH

The program approach to component development utilized simultaneous
engineering. Each component had a "product team", consisting of co-located
specialists including Cost Analysis, Reliability, Manufacturing and Quality
Assurance in addition to the required engineering disciplines. Key suppliers
also participated in the development teams. This helped to ensure their
participation in component development from the beginning of concept
definition.

Each Baseline-1 design concept proposed for the thrust chamber and gas
generator assemblies were traded with other concepts of merit. Trade studies
were based on how well each concept addressed customer requirements, with
emphasis on reliability and cost. Total Quality Management (TQM) techniques
were also applied where appropriate to aid in assessing concept merits.
Additional fabrication studies were performed as well to further distinguish from
the most promising concepts. Hardware was then designed and fabricated to
test certain trades. During this phase of the program, a cost and schedule
performance control system (CSPC) was utilized to monitor program
performance.

Upon program re-direction, the scope was limited to combustion chamber
development with the focus on the Cast Jacket/VPS liner design. Materials and
process development samples and mockups were emphasized to assess the
conhcepts' ability to meet program goals.

21
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1.2 DESIGN REQUIREMENTS

The geometric and operating design requirements were derived from the Space
Transportation Main Engine (STME) definition. The requirements were updated
as more detailed component analysis were completed throughout the program.

Requirements for the design included meeting increased structural margins
over previous engines, as well as the ability to operate at higher thrust for
development margin. Designs were also required to meet fracture mechanics
analysis limits in critical areas to enhance reliability. Specific cost and reliability
goals were established for each major thrust chamber component. Each design
could then be objectively analyzed for its ability to meet design goals.
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. 2.1.1 RELIABILITY METHODOLOGY

A two-fold analytical approach was used to evaluate component reliability. The
primary approach was the use of Failure Modes & Effects Analysis (FMEA),
which has been used on previous engine programs. This technique was used
on both concept designs as well as critical processes used in the designs.
Historical data bases from previous engine programs were used to aid in initial
component reliability allocations. Critical design features identified by FMEA
and structural analysis also underwent fracture mechanics and probabilistic
design analysis. The extra analysis was used to quantify and refine the design
to meet its reliability allocation.
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2.1.2 COST MODEL METHODOLOGY

A major objective of this program was the development of a cost mode! for
accurately projecting the costs of the operational combustion devices hardware.
A Combustion Devices Cost Model (CDCM) was created in a spreadsheet
program (Microsoft Excel) and used throughout component design.

The model consists of two tiers. The first tier is used for concept selections and
trade studies. lt is only based on size and complexity relationships and therefor
easy to use. The second tier is much more detailed and requires more inputs. It
is useful for evaluating manufacturing process methods and detail design
trades as well as projecting the finai designs' cost.

Each tier is also separated into three modules. The touch labor module takes
standard hours specified at the fabrication process level and applies
appropriate cost factors and labor rates. The second module calculates support
labor hours based on the RS-27 engine program and applies appropriate labor
rates. The last module calculates material costs based on price quotes from
vendors and procurement factors.
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2.2 MAIN INJECTOR

To aid in the design of the main injector, past designs for LOX/hydrogen
injectors were reviewed for cost and reliability drivers. The SSME and J-2
Injector designs utilized multiple forgings welded together for low weight and a
high number of coaxial elements for performance, requiring hundreds of parts.
Both of these features are costly and detract from reliability. Reliability concerns
for these injectors also stemmed from combustion stability and LOX post fatigue
which have caused engine failures in the past.

To address the cost and reliability drivers, a concept was developed which
utilized high strength structural investment castings to reduce the number of
parts and joints at the expense of added weight. The concept also integrated
the face nut and fuel sleeve (similar to the J-2 design) used on the coaxial
element to reduce the number of parts. The design would lend itself to cost
improvement by incorporation of advanced manufacturing techniques to drill the
high number of holes (thousands) in the injector and possibly to fabricate the
LOX posts integral to the body.

Combustion stability would be obtained by varying the LOX post lengths and
using baffles, as determined by detailed stability analysis. Provisions for
acoustic cavities, if needed, are included in the design. Margin for LOX post
fatigue would be obtained by injecting the fuel into the post array near the top of
the posts. This minimizes post whirling so that flutes would not be needed on
the outside of the posts as used in the SSME injector.

To address costs associated with the high number of elements used in past
injectors, four subscale injectors were designed and fabricated with varying
numbers of elements. Testing these injectors would give a performance versus
element density curve that could be used to determine the fewest number of
elements in the full scale injector that still obtains high performance while
maintaining good combustion stability.

The charts that follow describe in detail the work associated with the main
injector design effort as listed below:
2.2.1 Concept Selection
2.2.2 Design and Analysis
- Design Configuration
» Structural Casting Material Selection
+ Casting Design Details
» Casting Structural Analysis Summary
- Hydrogen Mixer Design and Analysis
*Combustion Stability Analysis
. Inspection Technologies Assessed
-Manufacturing/Cost Analysis
2.2.3 Subscale Injectors
2.2.4 Main Injector Results

65



auhpayooy
aopdsossy JJANMIOY Jp

wugidd p10S6DV
99

uonog|es 1daouo)d L°g¢



vy UOISIAK] BUADI@NIOY

¥-0£-268071 [euoRRUIBIU JPMYI0Y 'A‘

Plojlueinl
ssedAg jang
aje|daoe

ysawibiy [queyd

uojsnquio)

wo.j [an4

1en4d ajejdaoe4 &
ysawibiy 4%

pazeig
anav|S 1eny

1sod X0

SAA00.Y) y
wuojald u|
ezeig XO1

ul
X0 29 [ouoauy

Ise)
$3j0H Bununop S9|0H

ainjonus Bupunoyy Jayub)
syl peds pajuswbny

NOIS3d HOLO3rNI | — ININ3SvE




290 £160560V auApraxaoy

‘89 oedsaisy JIIARNIOY

anbnej 1sod XO1 e
Aujiqeis uonsnquio)
sianlp Aljiqeriay e
10)93lul xeos uo suswa|d
jo Jaquinu abie| Jo A|lquiasse pue uoedlqe e

sued pablo)
Jo Buipiam pue Buluiyoew yjim paeIoosSe JogeT e

SI9ALIP 1S0)

SH3AIHA ALITIgGVIT3d ANV LSOO
dOL1O3drNI NIVIN



€90 -220/576

69

auhplaxaoy

sisod i1sed Ajjeibajul ¢

SO|0 19|Ul BAB3IS 9N} JuBWS|] e
aje|daoe) ysowibly o
aje|d wuejedosdiaiu] o

Buijjip lose| pajewolny o

SIUBWIAID JO 13qUINU PaJdNpay e
alinbal pjnom
sped pabioj Buluiyoew jo Ajuofew sajeuiw|3 o

SP|oM [BIN}ONIIS M) Salinbay o
sBulses JUsWISaAUL [BINIONIIS @

SAOHL1IN NOILONA3Y 1SOO daS0d0Hd

xedsassy JIIMDIIOY



690 -
LL0/SP6 aukpiaxsoy

ot wedsasy JISRANIOY

wajsAs uopiubi uo-jjog o

plojiuew pasy jany 9jBuIS o

| 19ju] awop X0 9Ibuls o

AliAed a1psnooe Buippe 10j Aljiqede) o
ajejdaoe) ysawibiy o

UOJ}oNJISUOD p|OjIUBW }SBD) o
UO}ONIISUO0I JUBWB|D pazely ¢

Sjuollvlo [eIXe0d OGS e

S3HNLVI4 NDIS3A HOLOAMNI NIVIN ANIT3svE



990 -220/5¥6
14

sudpyayaoy
xedsasy JISARMIOY Jp

yidep Q3 1auoys mojie moj} |anj 1o} sisod usamiaq deb spIp e
Alqeia 1sod pa3 sdisy Alisuap juawald IamoT] ¢

yoadsut o ynoypa

(suo mau azeiq pue ae|d ‘|jup) 1sod iiedas 0} aaisuadxy o
aA0Wal 0] }noiIp 18Ae| Jseoay

yidap NG Hoys AjsAljejal 10} uI8OU0D MO} BN o

1509 Buijoo} Buinoal ybiy/aaisuaiul jeude) e

WdJ olaull e
SuIaouo) e

910]S pue yoel} 0} sued Joma{ e

abeuielp 18)19q SOAID S8o1jLI0 USN|q o

sjutol yuejjadoidiaiul Buneuiwie Aq paoueyus Aljiqelsy e

sjsod 10} suoielado azeiq pue Buijeid [9yoiu sejeuiwl|y o
Buiuiyoew abieyasip [eo11091d jo sabejuenpy o

1d3DNOD HOLOArNI (Na3) LSOd TVHODILNI



L30-LLO/STHE
1]

yideq Wa3 s
VAN
\w.‘.,_\ \\
\
‘d'd '| pebiogy
plojiuen jen4
eqo.d
oluosen|n Piom ‘g '3

awoq X0

1d3IONOD LV 1d INVT13dOHdHILNI/LSOd
XO1 A3NIHOVIN 3DHVHISIA TvOId 10313



890 ¢160560V
£l

aufplayioy
aedsoizy pJPIANIOY |

1500 J18ybiy SMOYS 81BWIISS }SOO JUBLINYD o
ysi ybiy aq pinom juswdojaaaq e

sisod uredal pue joadsul 0} NoIA e

Aijignedwos |lem 1equiey) e
aouewlioed MO o
sjuswa|d 0og Ajrewixoidde o) paywi| Ayjigede)) o

SUlaouo) e

1daouod 1sod XO1 pa.lNd3 se sabejueape awes ¢

HOLO3ArNI LSOd X071 1SVO AT1VHOLNI



690 ¢160560V

auAplayaoy
171

aedseszy JIAMIOY Ty

ddl 01 ysnjj jou sisod XO7 yim abeuiei(q o

$82a1d om} auinbal Aew pjojuew
|an} pue (dd|) a1e|d juejjedoidiaiul ay) bunse) e

SuJ9ouo0)) e

1S00 1SOMOT o
Buluiyoew paziwiuiy o
splom om} AjuQ o

siawinqgald JINSS
uo Anjigenjal pue Ajjiqronpold pajensuowa(

sabejuenpy e

(ubisaq L - auljeseq)
ad3.19313S LdIONOD 1S0Od a3zvyd



aufpraxooy

wuq)dd ¥ 10560V
aoedsossy JIIMI0Y e

Gt

s}insay pue sisAjeuy ‘ubiseq z'¢'e



20801601 voronsg sulpamnacy

N [BUORBUIRIY| |PMNI0Y '4‘

\\u_u_awom“_
ojejdasey

koo \\:muea_m ’

u
jong
aA83|S |oNn4
Jaquey) plojiuen
uojisnquo) ssedAg jany
pazeig wosy jang
1sod X0
olejdasey 9|0H
r ysaunbiy Bun
S9A00ID) , N
wiojalg e 1| suod
azeyg —— o 1]
q { , uojIBjUAWINIISU]
g .‘
Y ealy 5 ) ; .
“\, ™~ Buin 2y . A > /. 9I0H
. iy Buyoo}l
X0
aeld

Juejjadoaidiay)

1589
\

sa|o
Hupunop soy1ub)

funeag _mnE_G\\fl ywedg pajuswbny

sajol Bupunop

Alquiassy J10199lu|



180-LL0/ST6
L

Jaxipy
ssedAg
end

sjuawe|3
jeixeon

(Aluo “jay) requi

Bunsen
Apog/p|ojiuep jen4

wejlsAg
uonubj

Bunsen
/m awoq XO1

1noAeT |eul4

A1GWISSY HOLDArNI STV

j



¢80 £150560V

Bl aufpjayooy

wedsoy JIAANIOY \Jp

pappe Jaxiw Juejood jaqueyd uonsnquod/ssedAq jond e

aseq pjojiuew |anj o} pappe buu junow dwndoqiny/iolenloy e

PloMm pjojiuew! [anj/awop X071 uo
SSa.1S 9Ad||a4 0} dwop XOT YiM [eabajul apew unow isniyl e

AMjigelsul uollsnquio?
apouw-1sod pioae 0} pasealoul uoneriea yibuaj i1sod X017 e

"a’l plojiuew uo smopuim uopjoadsuipioddns 8109 pjojiuew [on4 o

NOILNTOAT NDISIA HOLOIACNI NIVIA



£60-LL0/51¥6
6L

Apog
/Plojiuey jand

JUNOW 1snuy |
/ouod XO'l

G¢9 |Juodu|
SONILSVO TvdNLONYHLS HOL1O3MNI NIVIN



wugNdd v10560V auhpyaxooy
R aoedsossy JIOMMIOY Jp

D0d pue 39 yim sweibold o

(pP3.dIH 10U aJe sbuljses Juaw)sanul
629 TINODNI Isow) - [|3m s)10m 3[2AD dIH 4 0502 Piepuels o

paJinbas Bune|d aAnosjoid oN o
juejsisal (33H) Juswaiiqua Judawuoliaud uaboipAy ajenbapy o
OOUB]SISAI UOISOLI0D) o
Algeised o
Alligepiom o
(pausyibuais uonnjos pijos) AljiqelS
sousuadxa Jo sieah Og - sisod 10j08lul Buizeig o

P4029l abesn USAOId o

SONILSVO
dOLO3drNI HO04 d319313S G29 TANODNI



auApyaxooy
aoedsasy JIORAMIOYN

S80-€160560V

. syibus) 1sod X011 J0
uolelea sasealoul aieid juejjadoidialui jJo ainjeand abie

o
woo. Buixiw ayenbopy e

ajqesieday e

a|geloadsu| o

"(0°| UO SMOPUIM p|OjiuBW - SP|OM ON e
plojluew [any yum [eibajul }sed Apoq 10108(u| e
s3INled{ o

aje|d juejadouidaayuy

SMOPULM

AdOg/A104dINVIN 13N



980-LL0/STVE

8
sli0d peo quog ,,*I
-
\ .
\\\ \u.r//
Hod s 0\ ,/
pee quog ~ (SO /o
R\ \
(€) skod P
pea quog / Z\
sliod uotjejuawniisu; = 1=
' !
3 \.
suod pea
quog <3 \
(1) 4d oneig q
(1) ebeo ureng (1) dway X/ # . v
(1) 1d onerg (2) baiq ybiy Y | |\ =
(1) dwa)
(1) baiq ybiH
(¥) suod
uonejuBWINSU| (v) suod
uotelusuwinisyy

SHOod uollejuawniisul

AdOd/AT104dINVIA 13Nd



euApronroy

{80-€1600VS6
suds0ey JIIANIOY Ny

£8

awoqg X0l

JUNOW 1SNyl

ONILSVYO FINOA XOT HOLOALNI



880 -220/5716
11}

sulprayooy
2ede0iy JHOARNIOY Jp

MIOM Ul SMBIA 18JUL XOT o
9)9|dwoo Buimelp Bunses jo Ajuolepy o

YIoMm uj sishjeue [einonis g-¢ 18jul XO1
paja|dwod sisAjeue [einjonuls oulswwAsixe swoqg o

asn Buunjoejnuew papie 18ndwod 10} paulydl |SPON e
paja|dwod jspow QYD d-€ e

uoijajdwod Jeau ubisap awop XO1 e

SNLVYLS NOIS3A INOA XOT HOLIOIALNI



auApyaxyaoy
aoedsosey JIORRMIOY Jp

wuq)dd ¢10560V
8

ubBisap Buijoo) 10} Jopuda Buiised o) Ajjoasp paljddns 8q o o

713dOIN avO 137NI FINOA XO'1



auApyayooy

060-€16056 ¥ P P 204 g

plaM Jese 10 g3

R

Bunsen

pauIyoew pabiog
ULy

uollNjosal }09jop palinbal apinoad Jou saop
uonodadsui ouosesyn Hunsed Ji uoneinbiyuod yoeq-jle4 e

NOILVHNOIANOD d1dM FINOA XO1 LVNHIALTV



auAp1axI0Yy
asedsosay JIIRAMNIOY Jp

LS1-E160560V
18

\ Jaquiey)
uolISNQUIOY

12quINN [o1)u00)

plemio4

|

N
AN
657 e .
podespenp

Buy Junop 101081y

bn7 Junop premioy

piojuep
1on4
10108luy

INJIWHOVLLY ONIH LNNOW HOL1O3rNI



160-LL/ST¥6
89

LImouB 1snauy, 40j JUN0JDE 0} SISAlBue 10} %G AQ paseesdoul seinssaid [eUILLON 910N

1Isd 91€£2

1sd 0962

isd 0492

L6666 =Y uoieodoje Ajjqeley
SUEIS G| ajl| 810AD
Sq] 000085 Isniy |

(senjeA jeuiwopN)
S1NdNI SISATYNY TvHNLONYHLS HOLO3rNI



¢60-LL0/SW6

68

Alquiassy 10199lu|

awo
19|lu| |on4 wognsiul Xo1 [9PON JLiloWIWASIXY

I9PON g ISPOIN A€

e
v

ST3AOIN LNIN3T3 3LINId HOLO3MNI



€60-LL0/STIPE

06

£l

60 = H uopepiu) ¥oe1d 49H
‘e60=4 1sung
ALigvin3y
600 ot Buliepon
1sd 06€‘t 008°22 eduesnpul
isd 009'¢ 00226 ajewgin
S0°0 00’1 J0)oe4 "udduo0) ssang
sq| /S6 1’6t PeOT UORBIQIA
squut 00081 sqyul 000'02 1 lewsalx3
‘ui S00 Ut 0GE°0 SSaWIIYL
062 0062 ainssaid
ais ueswy wopuey
alLsinigvaodd
166660 = H
‘NOILYIOOT1TVY
ALINIGVIN3H HOLO3rNI

( Wit yw)
(01) £c'l :s$9jueydaW einjoe.y
(s2'1) ! :anBjjeq 91249 yBiH
(g1) 68l Kiewid

(1 wbey ubiseq)

SHOLOV4 AL34VS DILSINING313a

lIEM 181u]

lIEM 131U] pjojiuely [and

SISATVYNV JLLSITIgvd04dd DNISN
INJNSSISSY ALITIGVITIH AHVNINIT3Hd



¥60-LL0/STW6
16

1Sd 'SSIYLS
00008 00009 6000 0 .
v L j A J - v L L A | — v L v LJ °°°°°
2 1
o E
- - co000°
" 1
- Hoto00 =
f : b=
b 4 o
(e o]
b E —
i (1YWyON) 1 .=
[ 10000 =
[ HL9N3¥IS ILVAILIN (a3A1¥30) ) <
I §ISSIYLS AI11ddV ) -
™M
b 49 =
L 90°Z = SNVIN IHL NO 'S 4 ; e
~ 667 656 666 666 0 < —16l000° =
[ SYSRIEL2REY ]
[ ss'a ‘.ocm.am ]
B ¢9'0- ' 10113 burjjepon ] :
Ce g e 0067 o¥11 ] 2000
910 oo SEouro1y]
[ Qeege e oinssely
s ) 'SH010V4 ALIATLISNIS
_ e 2 e A A 2 A Qnoco.

(111 19A37) pouylay Aulqelioy Jap10O-isiid
ssallg Alewld :9po alnjiey

SISATVNY
JLLSITIgav4da04d 137NI 13Nd HOLO3MNI NIVIN dAV



§60-L£0/ST6

26
1Sd "SSINLS
0000+ "0000¢ 00002 ‘00001 0
———r——— v ———— r— v—r—y 0000 "
L 1 .
- 9Lfe = SNVIN JHL NO sS4 -] ‘000
[ L1J6 666 666 666 666 0 |< ]
- CALI18YIT3Y - z000°
o 4 -
3 - fad
s y S
i =
- (TvH¥ON) 000 =
! LIMIY JINVYENONI ] -
3 - -
- (a3a1N3q) —v000° 2
[ SSINLS LIV AINO3 ] =
; =
3 . L -
[ tr0- 10143 burygapon Jgpoo”
- gz'o0 piwiy cunpuy A
gc’0 Yibusiys “yin ]
Y 0y 0- < 5003 $89135 ]
- gL 0- sppol "qiA ~9000°
I o SSAUNIIYY ]
190 e 2inssold ]
*S¥OLIVI JLIALLISNIS
A — i A — A A — A A A A A A 4 A NQQQ

(11 19A97) pouisiN Aujigeljay Jap10-isiid
anbne4 a19An-ybiH :apo ainjieq

SISATVYNY
a1LSI119vd04dd 137INI T3Nd HOLO3ArNI NIVIN daV



960-LL0'STVE
t6

00tg < By
e < My

GL= MV )Y
6¢=Pu9-g4
1= £L'g4
§Z= n'g4

$180d MOpUIM
WUy jend

\

e = AV YV
oe=Pl sy
6¢= 'S4
v< sS4
u0L0=1
e8|d
wejjedoidie)
EL'Z= MV NV
L9€= EM 's'd
vwe= 'S4
ov< 'S4
U060 =1 |/m
llem ewoQ X0
L'L = W/ By
oy < En |
ov< 'S
ovr< 'S4 _
weZy =1 _
Plem €3 |
ewoq X0 i
sLL= xvmw Uyv
ste="y sS4 0 < VWY
Nm 1= m & ‘> = PUO -
ao Moo G6°¢ y S'd
12E s'd sez= K-
001 =1 €6°€=
euo) seuu| urego =1
auo0) 10In0

TN
LUAL

00tg < oMy
o0t < My

SLL= v/ 'fyy
o= Emmu
6e= "'g4d

ve "g4

ugL=1

Piem g3
swo(g XO1

/

A
6'1=0n'Sd
2e= 'SHd
uo060=1 Ler<c  dOH
el
ee't = W/ v
SLL= En 'S4
L= s
/ sg't= "'sd
U GEE0 =}
lIeM Plojluen
Wl jeng
pOtg < My
OO— 6 < -wk..nw_
8'h = ¥/ v
ov< P75
vi= 'S4
vz= s
U oe0=1
1IBM PIojjuen
ssedAg

AHVYININNS ALITIGVIT3H ANV
dOL1I0Vd AL134VS HOLO3AMNI NIVIN




160-LL0/S¥6
v6

680="53
gr'1=""54

el2)140 jeanjondls Ajsnes o} pasinbal sabueyo ubisag ¢

Ajuo ssans Atewpd uo paseq sio)oe} A1ojes o

uwoLso=1
aueA 19jul X0

IIeM 18iul X0

Arewwng A10joe4 Ajojes
L137INI XOT HOLOArNI NIVIN



860 -£/0/5116
6 auApjaxooy
oedsay JIOAMNIOY g

(A1on02a1 ainssaid dwnd ja()
ss0| ainssald WalsAS JUB|00D ||BIOAD SZIWIUIN e

moyj ssedAq uaboipAy
pue abieyosip JUB|00D JaquIBYD UOSNQWOD XIN o

uondouny e

HIXIN NIDOHAAH



660 -2/0/5116
96 auhApjayooy
owdsosy JIORRNI0Y Yy

uonoas abieyosip uejood xa|dwoo alopy e

sabejueapesiq e

]SO UOIBOLIQE) ||BIOAO 19MOT] e
SUOISUBWIP |[BUURYD S|qQBIOAR) BIO|\ e
Aupgeouqe) 18)snquiod sanoidw| e
uoljeinbiyuod |einjonls |auueyd JudIdld SI0N e

aleIMO[} |aN} [e]0}
%0 O} PadNpal 81BIMO}} JUBJOOD 18]SNQqUI0)D) e

1yblam 181SNQUIOD SBONPSY e

sabejueAnpy o

IW3LSAS HIXIN
d39INVHO NOILSNEGINOO/HOLO3rNI



001-LLU/'STE
L6

1daouo) 18 $S01) duwing 1ar paiipoy dwnd 191

il i 4 dd e AN
BHENEE e ‘ T
o i, -1, Al - 17 ¢ )
A &l 4 | iy ) i
L M §158)32 . .~ 7 IR _ _ B
, Vime: J W_wwmf__“_ﬂ
” : Al
1L SRR sl
T “.v.,, ’ ,
, I L ol
m ) % *- | ' N
) \\.ﬁ: _ : ‘ : - ﬁ”ﬂ ......
M- - .
! /f T ~-

s)a[ ss01D) o

Moj} ssedAq 10} sa|oy 81810SI(q
dwind-})al 10108l palipON o
dwnd 13l 10}08lo agn) oL1jUBOUOD) e

S1d3ONOJ NDIS3A H3AXIW 13Nd

!



101 -LLOSTWE
86 auhpjayaoy
ek JISANIOY

A1anooal sso| ainssald 9,Gz-02 Ajorewnxoiddy e

19]UI 8AB3[S |aN) IB paxiW ||dM 18 o
Oljel 8INIXIW Ul UOIBUEA WNWIXBW %€ e

SUOISN|OU0Y)/S}NS3Y @
}18JUl ©AB3|S |an} 0}
Jaxiw wouj sisjawelp 1ol a|gejieAe + 002 JO WNWIUIN e
"Ul GO'0 J918wWwelp 1ol ssedAg e

suondwinssy o

SISATVNV
JONVINHO4Hd3d H3XIN AHVYNINIT3Hd



0L £160660V
hb auApiaxaoy

30edsosay JIIRRIIIOY

ubisap [eulj 109|8s 0y s1daouoo 1sa} Aiojeloge] e
sydeouoo Buisiwoid 1SOW 108[9SUMOP puUE djenjer] e
SUOI1EPUSWIWIOIdY @

18|Ul 8A83|S |any je Buixiw
juaIoNs ajeolpul sisAjeue aouewlopad Jaxiw Areulwidld e

Aiqixa)} 1o 9a16ap abie| mojje sjdeouod ubisap JaxiN e

sjuielisuod adojpaua paysiiqeisy e

Arewwung o

SNOILYANIININODTH/AHVININNS NOISTA HAXIN



€0} -220/5706

001, audpayooy

aoedsoy JIOARMIOYN (\]

ubisap ayy} Ul PapPN|oUl 81 SSIJIABD 10} SUOISIAOL o
Aouanbal) apow Y | <saljijigeisul 10} Pasn aq ||IM SSIIABD D1}SNOJY o
sisAjeue UoO paseq papusLWILWODa] S a|eq JINSS PoeIS YV o

Sspow Y| pue ‘jg ‘1| ssaiddns 0} ajyeq asn <
| Sple 211SN0JY o

pajotpauld si Ajiqeisul disutiu| o

SISATVNY ALIMIAVLS
NOILSNIINOD HOLO3ArNI NIVIN



POLLLV/STIVE
101

ZH ‘Asuenbaiy

00002 00091t 000zt 0008 000¥ 0

18 1y AS ML AT 4y

—
——
——
—
—
. ™ v
esuodsay paz|jeulION

910 =240dv {v55) SININI W GSVIO OF

HO1SN9INOD dav 3H1 HO4
dASNOdS3H 1SOd XO1 HOLD3rMNI ANV H39INVHO



aukpraxooy

S01-€160560V
weds0sy JEIGARMION N

[41)

siinsai [eanAjeue o} aredwod 0} pue ss3204d UOIISNQUIOD 3Y} JO
asuodsal Aouanbauy ybiy ay) aujwisljep o) pauueid si bunsa) quog @

W Seisefu) syi Weis Geue g ey
] 1 4 1 T ' °
L A A

n

dy

9PON L1 9y} 10} sisAjeuy walid

Zr pue JNSS ay} o} pasedwod ale s)insay @

Aupigeisul asned [jim yaiym sanjea ainssaidiano jaipaad o} WoIo
yum subisap ajeds-||nj pue ajeasqns 10} pawiopad sem sisAjeue walld @

suonoipald Aljigels aisunu|
NDIS3Ad HOLO3ArNI dav



250 -LL0/S 16
. aukp1axooy
£01
aoedsoiy JIIAMIOY Ty

uonenjuane Bunses jo Juspuadapul smey)
PAZIS JUBIBYJIP SIBUILILIOSIP UBD) :IBIJISSB|) ME|{ OlUOSRIlN e

(pajiey
SpoY}aW [BUOIUBAUO0D) Bulises pajiem %oiy} ybnoiy) uonosdsul
PIOM 10} BAIJ0B}18 patelisuowa :sishjeuy [esoadg ouosel)n e

Aujenp plap weag uosoag bunse) o

yuawdojanap eonoeud Aipunoy 1o} asn u| :Aydesbowo] paindwo) e

: | jueslauad
abeyunysosoi Bunses pue oiydesBoipey :Spiepuels uonoadsu| e
Anjenp bunse)d o

@3ss3SSY SAIDOTONHOIL NOILO3dSNI

)



mw.m._\%m.oomum ' | LaTE|AI] eLAPIONOOY

{BUOKBUISJU| |{@MNI0Y '*,‘

1-S140 QY - PrepuRig Apjenp dudpjonaoy et 1 Y

‘Bups¥ v uo s1vadde &enda vonipuod ags MOY $JUdsautlaa [242] YO¥a JoayBi Ayl o) ydesBojoyy g
PAUIIAU LOVIIIIUO) jO 1343] )Ijdap dpviS YIvD jO 3| a4l v SUONYIpUL O] 7
90b|uyI3) LOPYN|YAD 104 $)0u Bupmeap BupidaulBud 6) 13j0y

09 ss¥|) 0§ $s¥D Ot ss¥|D

N
b
c
oy

Llde
i

0z ssep 01 ss¥)D

o .,.;.,s
.... .

)

QYVANVYI1S NOILVYNTIVAT IDVINIYHSOUDIW INVYLINT

J

seaJe $sad0e uoloadsu| ojydeibHojped
NP JO UojjenjeAa sasueyus %@ elIa)lIo adueydasoe
oiydesfolpel Juswijdwod sjand| A)I1aAas juejaUad

aoualladxa Jjwj| asueldsdode |B21103S|Y auApP}aNI0Y
g 9opjoeld Anysnpuj o} ataype pPa}09|as s|ana «

Kj11anas abeyupys Jo Juswissasse j9a41p
10} SMojje piepue)s a6B)UIYS01O|W JuBl}BUS

NOILO3dSNI ONILSYD JINOA XOT

I




¥50-110/5 W6
501

auAp)axsoy
wedsoy JIOANIOY g

paulwalep HBulaq sisAjeue ainjeaj WIOJOAEM
10} weiboid Aljiqei|al G6/06 © 10} sjuswalinbay ¢
A|1081100 pazis a1om SMe|} IV e
P8]0919p 919M SME|} [BIDILE ||V e

181JISSE|D 81njea)
B NIy} 8| SH00| me|} B Jeym Jybne} waisAs e

puNos Palos|jal ay)
JO sainjes) mc_szcm sisA|eue ainjeaj WIOJOABA o

Aj1081100 sSMe|} 8zIS 0} pajled e
(sajoy pawoyoq-jeyy) smej} [EIOYILE |[B pajdaleq e
|njss820ns uoloelgns abew) o
Buiuueos 191ndwod
pjom-1sod pue -aid Buisn uonoeiigns abew| o

sa|dwes 5Z9 OHNI 1Sed uo pail} alam sanbjuyoarom] ¢

SATdINVS 1S31 JINOSVHLIN



S50-LLOS V6
90!

- ———

“N

N duoseqin

NOILO3dSNI JINOSVHLTIN ATAM




ELECTRON BEAM WELD SAMPLE

E. B. Weld

8
«
ENE
=h>.
o

1.500

2.50

.438 Diameter
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INJECTOR ASSEMBLY FAB SEQUENCE
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2.3 COMBUSTION CHAMBER

The SSME main combustion chamber (MCC) was used to determine cost and
reliability drivers since the operating requirements are similar and data was
readily available. As with the injector, the majority of the costs were due to a
high number of machined forgings welded together. The reliability drivers were
compiled from SSME MCC Unacceptable Condition Reports (UCR's). The
single largest problem was due to injector/chamber compatibility (hot gas wall
roughening and cracking). Other significant areas include welding and
electroplated bond line defects.

To improve the cost and reliability, 51 combustion chamber concepts were
brainstormed and reviewed. The most promising concept to meet the program
goals was a chamber that used a single investment casting for the structure and
a vacuum plasma sprayed (VPS) liner. This concept required significant
material and process development as well as scaling the processes to make a
full size combustion chamber. Since the required development would entail
significant risk, the second most promising concept was carried in parallel. This
concept utilized a wrought material liner diffusion bonded (LIDB) to a forward
flange and aft fuel manifold with a high strength electrodeposited nickel-cobolt
primary structure. This concept required less development and therefor could
be utilized if development problems ocurred with the VPS liner concept.

Both concepts had far fewer parts than on the SSME MCC and would inherently
be more reliable and less costly. The charts that follow detail the work
associated with the combustion chamber design effort as listed below:
2.3.1 Concept Selection
2.3.2 Design and Analysis
LIDB and VPS Design Configurations
Structural and Reliabiltiy Analysis Summary
Aerothermal Analysis
Cost Summaries
2.3.3 JBK-75 Structural Castings
2.3.4 VPS Chamber Material/Process Development
2.3.5 Combustion Chamber Results
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COMBUSTION CHAMBER
| FABRICATION SEQUENCE

Liner, Cold wall

ket
Cootant Channeis

« Cast Jacket Manifold
(JBK-75)

- Beam Weid i D Closeout

B P VPS
+ Machine | D Contour acuum Plasma Spray ( !

NARIoy-Z Channel Closeout,
Hotl Gas Wall (HGW)

S

injector ineriace

Nazzie intertace

HP L - 17
a5 ks » Beam Weld Nozzle Flange

1700 Fy » Final Machine Aft/Fwd Interfaces
- Hip NARloy-Z Powder to G
Jacket 1.D. (Cold Wali)

« Machine i.D. Contour
« Drill Feed Holes 0
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2.4 NOZZLE

The SSME nozzle was analyzed in detail to determine cost and reliability
drivers. The SSME nozzle is fully regenerative cooled with high pressure liquid
hydrogen. The hydrogen feedline enters a manifold at the base of the nozzle
which distributes the coolant to the liner tubes which in turn feed a forward
manifold and outlet line. This type of nozzle was required for the SSME staged
combustion cycle which gives high performance. To fabricate the nozzle, tubes
which vary in diameter and wall thickness are specially shaped to make the bell
curve of the nozzle. The tubes are then brazed together by laying braze alloy
and stacking each tube one at a time before furnace brazing. The rest of the
nozzle fabrication utilizes machined forgings with a high number of welds.

The largest experienced problem with the SSME nozzle is coolant tube
leakage. After repeated hot-fires, small leakes develop in the tubes and have to
be repaired if the leakage is too severe. Another concern includes the high
pressure circuitry required in the hydrogen coolant system. The nozzle flexes
considerably during startup and shutdown which flexes the high pressure feed
lines (which have failed in the past). The need for hydrogen embrittiement
protection for the Inconel 718 used in the coolant circuit is also of concern.

As in other components, the SSME nozzle contained a high number of parts
that are joined together. The nozzle requires a high amount of manual labor for
brazing the tubes and welding the post-braze assembly. The complexity of the
manifolding also required significant amounts of machining.

To lower the cost of the nozzle the welding and braze operations would have to
be drastically reduced and the feed circuitry would have to be simplified.
Reducing the part count and joining operations through the use of investment
castings would help, but the nozzle liner is a special problem. What helps the
situation is the gas generator (GG) type engine cycle used by the STME. The
relatively cool, low pressure GG exhaust gas could be used to cool the nozzle
wall. This allows use of cheaper tubing or sheet metal liner materials. Process
automation would also help reduce costs. For example, hypervelocity sprayed
(HVS) material could be used as the supporting structure to the liner - where
much of the machining and manual welding is required on the SSME nozzle.

Reliability of the nozzle would be enhanced by significantly lowering the
coolant circuit pressure by using the GG exhaust gas. This coolant method
would also simplify the coolant circuit and allow for lower strength, hydrogen
embrittiement resistant materials such as Inconel 625.
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The charts that follow describe in detail the work associated with the nozzle
design effort. The agenda is listed below:
2.4.1 Concept Selection
2.4.2 Design and Analysis
Design Configuration
Structural Analysis Results
Film Cooling Analysis
Aerothermal Analysis
Cost Summary
2.4.3 Hypervelocity Sprayed (HVS) Nickel Alloy 625
2.4.4 Nozzle Results
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PROGRESS IN IMPROVING HVS

Etched with electrolitic CrO3

200X

Unetched

200X

Unetched

200X

Unetched

Plazjet Sprayed INCO 625 Plazjet Sprayed 625

Plazjet Sprayed 718

Sprayed at Oregon Graduate

Institute, May 1990

Sprayed at Oregon Graduate
Institute, March 1990

Sprayed at Vanderstratton
from wire, August 1989

270

941 $/077-285
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2.5 IGNITION SYSTEM

The SSME and J-2 engines utilized a spark-torch ignition system (ASl). Review
of the operational history revealed these systems to be highly reliable over a
wide range of operating conditions. Although these systems worked well, costs
for them were relatively high. To reduce the ignition system costs, new ignition
technologies were reviewed as well as ways to make an ASI| system less
expensive.

Nine concepts were reviewed including a promising laser ignition system. The
laser system had the potential to reduce costs but the technology was relatively
new and unproven. In the end an ASI system was selected based on its proven
track record and minimal development required. Development time was an
important factor due to the short program schedule. However, the costs could
be reduced in the system by separating the exciter electronics form the spark
plugs which would reduce part complexity and simplify manufacturing flow. The
internal geometry of the torch system duplicated the geometry used on the
SSME engine to ensure the same ignition characteristics. The system was also
designed to be common between the main injector and the gas generator,
which would further reduce costs.

The charts that follow describe in detail the work associated with the ignition
system design effort.
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2.6 GAS GENERATORS

The gas generator effort was split into two areas: 1) a prototype gas generator
for use on the engine, and 2) a workhorse gas generator for use in testing the
engine turbopumps.

The prototype gas generator was designed accommodate three different
injector assemblies. The inclined fan injector was most adaptable to low cost
manufacturing methods. The coaxial injector had a proven record of
performance and reliability on the SSME and J-2 engines. The "box pattern”
injector had the greatest performance potential. The different designs were to
be evaluated for performance and wall compatibility through hot-fire testing.
The fabrication costs would then be factored in to select the appropriate injector.

The workhorse gas generator was designed to test turbopumps from Aerojet,
Pratt & Whitney, and Rocketdyne. The differing requirements from the three
companies were best attained by utilizing a coaxial injector design. A turbulator
was added to ensure good mixing of the combustion gas before entrance into

- the turbopump.

The gas generator effort is summarized in the charts that follow.
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3.0 COMPLIMENTARY STEP ACTIVITIES

After cancellation of work on the Advanced Development Program, some work
was continued at Rocketdyne on the combustion chamber under the Space
Transportation Engine Program (STEP). Since there was not enough funds
available to build and test different combustion chamber designs, the concepts
were thoroughly analyzed to select the concept to be tested when funds were
made available (none ever were).

Besides the VPS and LIDB designs developed at Rocketdyne, the platelet liner
design proposed by Aerojet were reviewed. This was a unique but difficult
experience due to the proprietary nature of the processes used in the designs,
but the resulting analysis was thorough and as unbiased as possible. Actual
fabrication and test data would be very desirable in the future since all the
concepts had high potential. Later in the program an ablative type combustion
chamber design was developed for a low cost expendable version of the STEP
engine. The charts that follow describe this effort in detail.
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PLATELET COMBUSTION CHAMBER
FABRICATION SEQUENCE
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Photo chemical machine
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STME 130
COMBUSTION CHAMBER COST COMPARISON

STME 100 total = $772K
STME 130 total = $552K

A sTME 100

] sTME 130
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N Roclkwel! serospace

360

941.5/077- 408

Rocketdyne



A sTME 100

] sTME 130

STME 100 weight = 1345 Ibs
STME 130 weight = 1386 Ibs

COMBUSTION CHAMBER WEIGHT COMPARISON
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